Abstract-A threshold-mode based, first of its kind, portable, lightweight SNM active interrogation mode assessment system is under development by our group with the goal of detecting 1 kg HEU at 1 m under 2-min scan time. This system is comprised of a lightweight (<30 kg) inertial electrostatic confinement DD neutron source (emitting ∼ 5 × 10 7 n/s) and lightweight (<30 kg) panels of tensioned metastable fluid detector (TMFD) sensors. This paper presents results of studies conducted for detecting special nuclear materials (SNMs) such as HEU and Pu via active interrogation with a continuous source of 2.45 MeV neutrons from a DD accelerator system. The detector system utilizes either the centrifugally tensioned metastable fluid detector (CTMFD) or the acoustically tensioned metastable fluid detector (ATMFD). Evidence for TMFD sensors to be used in threshold mode monitoring mode for detecting SNMs while rejecting the vast majority of interrogating DD source neutrons is shown and discussed. Both TMFD sensors achieve this via tailoring the tensioned metastable negative pressure (Pneg) state so as to enable selective detection based on incoming neutron energy. Intrinsic neutron detection efficiencies of over 60% for fast (MeV) neutrons previously were attainable in CTMFDs with detection volumes of about 40 cm 3 , all the while remaining 100% blind to gamma photons from fission and DD neutron interactions with surrounding elements. We report results of assessments with CTMFDs of various sizes ranging from 4 cm 3 to up to 40 cm 3 and rejection ratios of >10 4 :1 (i.e., over 15,000 DD neutrons rejected for each 252 Cf neutron detected). Similar experiments were also conducted with the ATMFD architecture (in which the sensing state oscillates at over 40 kHz from active to inactive). It was found that the rejection ratio rises from about 1:1 at a drive powers above ∼7 W, towards ∼10:1 at ∼3 W, and to >10 2 :1 below 1 W. In sharp contrast, using a 100cc NE-213 liquid scintillation detector under identical conditions, the rejection ratio varied from a high of ∼12 (with 0% gamma rejection) down to only ∼1.4 (with 99.9% gamma rejection). Index Terms-Active interrogation, homeland security, neutron detector, radiation detector, special nuclear material, tensioned metastable fluid detector.
I. INTRODUCTION
T HIS paper presents results from assessments using a novel, lightweight technique for detecting special nuclear materials (SNMs) based on active interrogation with a continuous beam of 2.45 MeV neutrons coupled with high intrinsic efficiency tensioned metastable fluid detectors (TMFDs) in threshold rejection mode. While passive interrogation may be utilized for detecting SNMs such as Pu from their strong spontaneous fission signatures, this is not so for highly enriched uranium (HEU), the timely detection of which has been identified as a grand challenge by DNDO [1] . Active (neutron and/or photon based) interrogation represents the only viable means for detecting HEU-either shielded or unshielded-within cargo containers. Active interrogation by neutrons or photons leads to unequivocal induced fission-based signatures in terms of neutron energy and multiplicity [2] . The main challenge under such circumstances pertains to being able to discern the relatively weak emission signatures from the intense interrogation pulses of neutrons and/or photons. Sagamore Adams Laboratories LLC (SAL), in collaboration with Pony Industry, Kyoto University and Purdue University, is developing the world's first portable, lightweight (<30 kg) IEC-based DD neutron source (5×10 7 n/s) [3] - [5] tied in with lightweight (<30kg) TMFD panels for enabling detection of 1 kg HEU at 0.5 m standoff in <2 min. The resultant portable SNM interrogation system is designed for cargos less than 1 m ×1 m ×1 m.
As has been reported earlier, TMFD sensor systems have been shown to provide high (60%+) neutron detection efficiency for fast and thermal neutrons while remaining completely gamma-beta blind [6] - [12] . As described in these references, the TMFD sensor system works on the principle of transient cavitation detection events (CDEs) caused by ionizing particles such as neutrons, alphas and fission fragments in fluids that have been placed in various states of tensioned (subzero) pressure states of fluid metastability. Such CDEs result in recordable signatures, both electronically as for conventional detectors, but also in the form of audio-visual signals. One key advantage that the TMFD holds over conventional neutron detectors is that it has proven gamma-beta "blindness" and 0018-9499 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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indeed, has been tested to possess gamma intrinsic detection efficiency ε intγ < 1 × 10 −9 and gamma absolute rejection ratio for neutrons or GARRn =1.0 [tested in up to >100 R/h activated 140 La (E γ = 1.6 MeV) gamma field] [13] . Such an enablement allows for detection without saturation from background and interrogating or fission created γ photons. Another key attribute pertains to high (∼60%) intrinsic fission spectrum neutron detection efficiency which, furthermore, is amenable to tailoring for threshold-based neutron rejection, that is to be able to detect neutrons at/above a desired energy with good efficiency-while remaining relatively blind to neutrons below the chosen threshold, the subject of an ongoing DNDO project-the results of which form the basis of this paper. Fundamentally, in TMFDs, the sensing fluids are placed in various states of negative (i.e., sub-vacuum) tensile pressure states (Pneg) while under normal ambient temperatures. This is akin to stretching a rubber band, the greater the stretching force, the easier it becomes to snap the intermolecular bonds holding the material together. In TMFDs, the specific Pneg state can be tailored to enable such snapping of bonds leading to localized cavitation detection events (CDEs) from strikes by neutrons and other such nuclear radiation such as alphas and fission fragments. While the prevailing theory of nucleation nicely predicts the required energy for CDEs in thermally superheated metastable fluids (i.e. Thermal Spike Theory [14] ) it fails when applied to tensioned metastable fluid detector systems. A more detailed explanation is available elsewhere [12] .
The induction of negative pressure (Pneg) in TMFDs is attained using either centrifugal or acoustic forces resulting in two distinct embodiment sensor types: the centrifugally tensioned metastable fluid detector (CTMFD) and separately, the acoustically tensioned metastable fluid detector (ATMFD). Further details are described elsewhere [6] - [12] .
TMFDs inherently permit one to readily tailor the Pneg state for threshold-based detection such that neutrons below a certain energy can be gated out. It is the ability to tailor the Pneg state that permits high efficiency detection of SNMs while being in an active neutron interrogation mode: specifically, the interrogation of HEU in cargo with a continuous beam of 2.45 MeV neutrons from a D-D accelerator. HEU/Pu fission results in neutrons of energies ranging from 0 to ∼12 MeV, together with gamma and beta radiation. About 25-30% of the fission spectrum neutrons are above 2.45 MeV. If the TMFD can be made insensitive to ≤ 2.45 MeV neutrons, while also remaining blind to the gamma-beta radiation background, any detected neutrons above 2.45 MeV offer tell-tale evidence for presence of SNM. The CTMFD and ATMFD sensors have been utilized and assessed together with a D-D accelerator source to assess for such threshold based application. Experimental proof of concept for the method proposed by us earlier is discussed, as well as results of optimization of the proposed method [10] . For the bulk of these assessments, the DD (2.45 MeV) output was set at ∼10 8 n/s, whereas, HEU fission output was simulated with a 252 Cf source positioned so as to provide a flux from the 252 Cf source about ×1,000 lower than the flux from the DD source at the TMFD location. 
A. Economic Acoustically Tensioned Metastable Fluid Detector
The Economic-ATMFD (EATMFD), shown in Fig. 1 is constructed of a 600 mL borosilicate glass enclosure with an Aluminum lid affixed with a RTV silicone gasket. A 44 kHz resonant frequency piezoelectric disc is epoxied to the bottom of the enclosure to provide the acoustic energy needed to induce the pressure oscillations in the fluid. A fixed borosilicate glass reflector is attached through the lid of the EATMFD with RTV silicone to aid in focusing the acoustic waves. A vacuum port allows for the detection fluid to be placed under a partial vacuum of 600 mmHg (gauge) to aid in degassing. When the system is driven at the proper resonant frequency, large positive and negative pressure oscillations occur within the fluid space. During the time the detection fluid is under tension, the state is metastable, whereupon neutron elastic scattering interactions (primarily with carbon or oxygen nuclei when acetone is used as a detection fluid) result in transient CDEs. A small 7-mm piezoelectric transducer is affixed to the side of the EATMFD and used to monitor and record the presence of neutron induced CDEs. The EATMFD is operated using a resonance controller developed by SAL, which automates the dynamic control of drive frequency, resultant AC drive power (applied to the drive PZT affixed to the bottom of the resonant chamber) and electronically records the timing and rate of CDEs. The EATMFDs used for this study utilized acetone as the detection fluid. During operation, the highest tension levels are focused toward the center of the EATMFD, creating an approximately 130 cm 3 sensitive volume (SV) at its greatest extent. Due to the oscillatory nature of the EATMFD, the sensitivity of the EATMFD is temporally and spatially dependent. The SV was estimated via frame by frame analysis for the locations of CDEs of a 30 FPS recording in the presence of a 1 Ci 239 Pu-Be neutron source.
B. Centrifugally Tensioned Metastable Fluid Detector
The CTMFD consists of a diamond-shaped borosilicate glass enclosure with an expanded central cavity which forms the sensitive volume of the CTMFD. A variable speed motor is utilized to rotate the CTMFD placing the detection fluid under tension, whereupon neutron interactions result in transient CDEs.
The degree of negative pressure induced in the detection fluid may be calculated using (1) [12] . The negative pressure may be readily tailored for threshold-based detection such that neutrons below a certain energy are gated out by adjusting the rotational speed As seen from (1), the negative pressure will also vary radially throughout the sensitive volume, i.e., a large SV CTMFD (e.g., 40 cm 3 ) exhibits a greater variation in Pneg than small SV CTMFD (e.g. 4 cm 3 ). The detection fluid utilized for the current study is decafluoropentane (DFP, C 5 H 2 F 10 ). The primary fast neutron detection mechanisms with DFP are elastic and inelastic scattering with carbon and fluorine, as well as a threshold based (n, α) reaction with fluorine at energies >3 MeV.
III. INTRINSIC DETECTION EFFICIENCY DETERMINATION
Initial experimentation was performed with both the EATMFD and the CTMFD to establish and quantify the intrinsic neutron detection efficiencies possible.
A. Economic Acoustically Tensioned Metastable Fluid Detector
Experimentation included using a 252 Cf neutron source (8.4×10 4 n/s) at a 10 cm distance, a 1 Ci 239 Pu-Be (2×10 6 n/s) neutron source at a distance of 15 cm, and a DD neutron source (1×10 7 n/s) at a distance of 56 cm. The resultant detection rate and drive power were recorded with the resonance controller, and in combination with MCNP modeling, the intrinsic neutron detection efficiency was calculated as a function of drive power ranging from 1-25 W. The results are shown in Fig. 3 .
At low power levels, the intrinsic detection efficiency is greatest for the 239 Pu-Be source, followed by the 252 Cf, and then lastly by the DD neutron source. This result agrees well with the energy spectrums of the three sources, as only higher energy neutrons will induce CDEs at low drive powers. Interestingly, at high drive powers, the high detection rate of the stronger 239 Pu-Be neutron source artificially depresses the measured intrinsic detection efficiency due to the ∼10-ms dead time induced by each CDE.
Additional experimentation indicated that the dead time effects may be reduced by operating at either lower vacuum levels (<550 mm Hg) or cooler temperatures (<20 • C), both conditions decreased the cavitation bubble lifetime considerably and can result in ×10 higher efficiencies. 
B. Centrifugally Tensioned Metastable Fluid Detector
Experimentation was performed utilizing a 16 cm 3 SV to quantify the performance of the CTMFD as deployed for TENA in array form. A 252 Cf neutron source was placed at distances ranging from 25 to 500 cm, and in combination with MCNP modeling, the intrinsic neutron detection efficiency was calculated as a function of the negative pressure, Pneg, ranging from 3.0 to 11 bar. The results are shown in Fig. 4 .
Interestingly, the measured intrinsic neutron detection efficiency increases exponentially with increasing negative pressure. This agrees well with the established nucleation rate theory that was developed and validated for metastable state systems [15] . Additionally, the theoretical maximum limit for intrinsic detection efficiency for spontaneous fission neutrons with DFP is shown in Fig. 4 . As the negative pressure reaches 11 bar, the measured intrinsic detection efficiency, 27.4(±4.5%), reaches near 1σ of the theoretical limit of 35%. This theoretical limit was estimated by first calculating the total spontaneous fission spectrum averaged macroscopic scattering cross section for DFP as s ≈ 0.18cm −1 . For a CTMFD with a 16-cm 3 SV with a cross sectional area of 7 cm 2 , we can calculate using the total volumetric scattering rate as follows:
where = neutron flux at the SV of the CTMFD, V = sensitive volume, and A = sensitive cross-sectional area. This estimate accounts for neutrons that may scatter multiple times while transiting the SV, but as a result is a slight overestimate as it allows neutrons to be double counted. Contrastingly, it is also possible to estimate via the neutron attenuation law as follows:
where x = the greatest thickness of the SV. It is important to keep in mind that this approximation assumes that each neutron only has one chance of interacting. In practice, a neutron may scatter multiple times within the SV of the detector. For example, the cross section for interaction increases after a neutron has scattered and lost energy, therefore, this should be seen as a conservative estimate. The true theoretical maximum intrinsic detection efficiency would likely lie between the aforementioned two estimates. Several sizes of CTMFDs are undergoing development, spanning from a small 3 cm 3 SV size with a narrow Pneg profile designed for enhanced alpha and neutron spectroscopic capabilities to a large 80 cm 3 SV size for ultra-high intrinsic neutron detection efficiencies designed for large standoff SNM detection applications. A selection of the CTMFDs being developed is shown in Fig. 5 .
Calculations of the maximum possible intrinsic detection efficiency for the various sizes under development utilizing the formulation derived here are shown in Fig. 5 and summarized in Table 1 . Experimentation has been performed with DFP at Pneg of 11-12 bar with 4 cm 3 , 15 cm 3 and 40 cm 3 SV CTMFDs with a 252 Cf neutron source at standoff distances ranging from 300 to 800 cm. Utilizing MCNP modeling, it is possible to calculate the highest measured neutron intrinsic detection efficiencies for each SV size (shown in Table I ).
It is important to note that in all cases the highest intrinsic detection efficiency experimentally attained was within 1σ error of the maximum possible intrinsic detection efficiency. Currently, the highest measured intrinsic detection efficiencies are limited by the limits of Pneg attainable (∼12 bar) by the as-built apparatus. It is possible that the current theoretical estimates for maximum intrinsic detection efficiency underestimate the true upper limit for intrinsic detection efficiency possible. For example, the current theoretical model only accounts for neutron detections possible via neutron scattering (either elastic or inelastic) but it is possible that additional nuclear reactions may occur that would result in detection. As an example, fluorine ( 19 F) undergoes several endothermic neutron capture reactions (i.e. (n,α), (n,p), (n,d), and (n,t)) which may contribute to neutron detection at higher neutron energies (E n > 2 MeV). Planned future work will investigate these reactions to quantify the increase in intrinsic detection efficiency possible.
IV. EVALUATION OF TMFDS FOR ACTIVE DD INTERROGATION USING THRESHOLD ENERGY NEUTRON ANALYSIS
Before development and selection of the TMFD system to be used, preliminary assessments were done to establish a performance target for relative intrinsic detection efficiencies needed to obtain a 1:1 (HEU:DD) detection rate for the resultant system. For a 1-kg mass of 235 U metal with a density of 18.9 g/cm 3 3 . Assuming the DD neutron source is at a distance of 50 cm from the mass of 235 U the DD flux at the HEU is given by
Therefore, the number of fissions induced by the interrogating DD neutrons passing through the sphere may be calculated via the reaction rate formula as
The average number of neutrons generated by fast fission (2.5 MeV) of 235 U is ν = 2.7[neutr ons/ f ission] [16] . Therefore, the total number of neutrons emitted from the 1-kg mass of 235 U is given by
It is important to keep in mind that this calculation neglects any self-multiplication in the HEU sphere during the fission process; therefore it should be taken as a conservative number.
An estimate of the DD flux at the TMFD detector panel is given as
and similarly for the 1 kg of HEU sphere
Therefore the required DD rejection ratio to achieve a 1:1 detection rate is given by
This target was utilized to guide the development of the TMFD based detection array for continuous DD beam active interrogation using Threshold Energy Neutron Analysis (TENA).
A. Acoustically Tensioned Metastable Fluid Detector
Experimentation was performed utilizing the EATMFD system (with acetone as the detection fluid) while focusing on the lower drive powers needed to discriminate neutron energies <2.5 MeV. The DD neutron source (1×10 8 n/s) was placed at a distance of 1 m from the EATMFD, while the 252 Cf neutron source (5.5 × 10 4 n/s) was placed at a distance of 13 cm. The resultant flux ratio ( D D : Cf ) at the EATMFD may be easily calculated as ∼ 80:1. The measured detection rate is shown in Fig. 6 .
Interestingly, while the detection rate for the DD neutron source rapidly approaches zero at <1.5 W drive power, the detection rate for the 252 Cf source remains relatively constant well down into very low powers <0.5 W. The resultant intrinsic detection efficiency is shown in Fig. 7 .
These results show that an intrinsic detection efficiency ratio (ε Cf :ε DD ) of ∼100:1 is achievable at ∼1.25 W of drive power, and more importantly, indicates even greater detection efficiency ratios are possible at drive powers below <1 W. Further experimentation would be required to confirm the rejection of DD neutrons at these lower powers, however, operating the EATMFD (with acetone) at this low of power is unlikely to result in sufficiently high enough 252 Cf intrinsic detection efficiencies to be practical for the targeted application.
B. Centrifugally Tensioned Metastable Fluid Detector
A 16-cm 3 SV CTMFD was also evaluated using a DD neutron source operated at (1 × 10 8 n/s) and placed at a distance of 1 m from the CTMFD. The 252 Cf neutron source (5.5 × 10 4 n/s) was placed at a distance of 69 cm, resulting in a flux ratio ( DD : Cf ) at the CTMFD of ∼870:1. In combination with a neutron transport calculation, the intrinsic neutron detection efficiency was calculated as a function of the negative pressure, Pneg, ranging from 2.75 to 4 bar. The results are shown in Fig. 8 .
Due to the mono-energetic nature of the DD neutron source, the detection efficiency drops off rapidly by a factor of ∼10 4 over the span of only ∼1 bar, while the 252 Cf detection efficiency only drops off by a factor of 3. The results indicate that the targeted intrinsic detection efficiency ratio (ε Cf :ε DD ) of ∼10 3 :1 is achievable at 3.0 bar and increases exponentially for lower negative pressures. Results of experimentation performed with a larger 40 cm 3 SV CTMFD under the same test conditions are shown in Fig. 9 .
With a 40 cm 3 SV (as with the 16 cm 3 SV), the detection efficiency for the DD neutron source drops off rapidly by a factor of ∼10 4 over the span of only ∼1 bar, while the 252 Cf detection efficiency only drops off by only a factor of 2. The results indicate that the target intrinsic detection efficiency ratio (ε Cf :ε DD ) of ∼10 3 :1 is readily achievable at a Pneg of 3.75 bar and a ratio of ∼10 4 :1 is achievable at 3.4 bar. Importantly, both rejection levels measured with the 40 cm 3 SV resulted in higher 252 Cf detection efficiencies when compared to the 16-cm 3 SV due to the higher negative pressure. These results are summarized in Table II .
V. CTMFD-BASED ACTIVE NEUTRON INTERROGATION SYSTEM PRELIMINARY DESIGN AND PERFORMANCE
Although the 40 cm 3 SV CTMFD resulted in superior detection efficiency and rejection ratio when compared to the 16-cm 3 SV, the 16-cm 3 SV CTMFD was selected due to its lighter weight and compact form factor (arm separation is a × 1m × 0.3 m, and the final SNM interrogation assembly will consist of three CTMFD panels which will placed on the three sides of the (1 m ×1 m ×1 m) cargo container to be inspected. The IEC DD neutron source is to be placed on the fourth side of cargo container to be inspected. Utilizing the measured intrinsic detection efficiencies for the DD and the HEU simulant ( 252 Cf) neutron source, in combination with the methodology outlined herein to estimate the neutron emission rate of a mass of HEU placed at the center of the cargo container it is now possible to make predictions on the performance of the final CTMFD based assembly. Given a target inspection time of 2 min., the number of detection events as a function of negative pressure for a mass of 1kg of HEU is shown in Fig. 10 .
These results show that the number of detections from the HEU should convincingly exceed the number of detections from the DD neutron source at negative pressures ≤ 3.0 bar. Therefore, additional assessments were performed with a negative pressure of 3.0 bar to calculate the predicted minimum detectability limit (MDL) of the proposed system. Although CTMFDs have been shown to be insensitive to any gamma and beta background present, they are sensitive to the fast component of cosmic neutron background. In order to quantify this, experiments were run without any neutron source at a negative pressure of 3.0 bar. The results indicate that the average interval between cosmic neutron background This was accomplished by first calculating the number of detections that would occur during a 2-min inspection time as a function of HEU mass (shown in Fig. 11) .
Following the published ANSI N42.41 standard for active interrogation systems the target probability of false alarm (PFA) is <5% [17] . Utilizing the number of detections predicted from the DD neutron source, the PFA as a function of alarm threshold may be calculated using the Poisson cumulative distribution function (CDF). The result is shown in Fig. 12 . It was determined that an alarm threshold of 42 counts will result in a PFA <5% in accordance with ANSI N42.41. As before, it is possible to predict the probability of detection (PD) with the given alarm threshold utilizing the Poisson CDF. The result is shown in Fig. 13 . The target for PD as stated in ANSI N42.41 is >90%, therefore the minimum detectability limit for the proposed system is estimated as ∼325 g of HEU, a value that is well below the target detectability limit of 1 kg of HEU.
VI. CONCLUSION
Both the CTMFD and EATMFD sensors have been utilized and assessed together with a DD accelerator source to investigate the capabilities of TMFD sensors for the development of a first of its kind portable SNM active interrogation mode system. The stated project goals were the detection of 1 kg of HEU in 1 m ×1m × 1m cargo in under 2-min inspection time. This designed system comprises a lightweight (<30 kg) inertial electrostatic confinement DD neutron source (emitting ∼ 5 × 10 7 n/s) tied in with lightweight (<30 kg) panels of CTMFD sensors. The measured performance of the developed CTMFD sensors should enable the aforementioned CTMFD array to not only meet the design MDL goal of 1 kg of HEU, but also be capable of detecting masses down to ∼325 g with >95% probability of detection. Future work includes design finalization and construction of the CTMFD based array, as well as additional investigation and quantification of performance metrics including temperature and detection sensitivity stability.
